The RNA bacteriophage #2 was grown efficiently under controlled conditions in a 2 1. fermenter and labelled with [82P]orthophosphate and [5-3H] uridine. The RNA was extracted and digested completely with pancreatic ribonuclease and the resulting solution of oligonucleotides was fracfionated by DEAE-cellulose chromatography in 7 M-urea at pH 7"9. Eleven fractions were obtained which were shown to contain fragments with chain lengths I, 2 .... , II respectively. Fractions IO and 11 were recovered in yields corresponding to one oligonucleofide in each fraction per original viral RNA molecule, and the nucleotide compositions of these oligonucleotides were measured. The distribution of purine nucleotide sequences that might reasonably occur by chance in an RNA molecule of finite length was calculated and compared with the observed distribution in/z2 viral RNA. The use of these procedures for identification and characterization of viruses was demonstrated.
INTRODUCTION
The RNA in RNA phages is being extensively studied both for its intrinsic interest and as a model for a natural messenger RNA. Such RNA molecules are capable of highly specific interactions with proteins during the processes of phage maturation (Sugiyama, Herbert & Hartman, 1967) , repression of early protein synthesis by coat protein molecules (Sugiyama & Nakada, 1967) , recognition of the RNA replicase and syntheses of new 'negative' and 'positive' RNA molecules (Weissman & Ochoa, 1967) . They also direct protein synthesis (Vinuela, Algranati & Ochoa, 1967 ) and exhibit such phenomena as suppressible amber mutations (Notani et aL I965; Capecchi & Gussin, 1965) and polar mutations (Lodish & Zinder, I966; Gussin, t966) as well as polypeptide chain initiation (Clark & Marcker, I966; Vinuela, Salas & Ochoa, I967) , polysome formation (Godson & Sinsheimer, 1967) and polypeptide chain termination (Capecchi, 1967) .
These processes are being studied intensively at the molecular level and fascinating results have emerged. It seems likely, however, that a full understanding of the properties and activities of viral RNAs will not come before a complete analysis of the nucleotide sequence of at least one viral RNA. Such an analysis will provide a direct check on the details of the genetic code and will provide some of the information required for detailed analysis of the 'active sites' of a viral RNA (Matthews, 1968a; Brown, Lee & Metz, 1966) .
In recent years significant advances in analysis of nucleotide sequences of small RNA molecules have been achieved (Holley et aL I965; Brownlee, Sanger & Barrell, 1967) . Viral RNAs are 330o nucleotides long and contain few, if any, rare bases. This makes the analysis of the nucleotide sequence of a viral RNA a vastly more difficult problem than even the analysis of the low molecular weight ribosomal RNA. I have, elsewhere (Matthews, I968 a), discussed in detail the application to viral RNA molecules of the conventional approach to nucleotide sequence analysis and concluded that some new techniques will doubtless be used in nucleotide sequence analysis of a viral RNA, but that the conventional approach remains largely applicable. This approach requires the isolation of nucleotides, or sequences of nucleotides, which may be called reference regions, that are unique in the entire molecule. Extensive nucleotide sequences can then be built up around the reference regions and data from fragments containing more than one reference region can be used to obtain overlaps with the nucleotide sequences around each reference region. Such reference regions have been isolated from/z2 viral RNA and this paper describes the first stages in the isolation, together with some conclusions that can be drawn at this stage of the nucleotide sequence analysis.
If the nucleotide sequence of/z2 viral RNA is similar to the most probable sequence of a random polynucleotide chain of the same nucleotide composition then it is easy to show that any purine nucleotide sequence more than six nucleotides long is unlikely to occur more than once in the polynucleotide chain. Purine nucleotide sequences, with a pyrimidine nucleotide at the 3' end, can be isolated from an RNA molecule by fractionation of a complete pancreatic ribonuclease digest of the RNA molecule. This method is used here as the first stage in the isolation of reference regions from #2 viral RNA.
The distribution of purines in #2 viral RNA is only slightly different from the most probable distribution of purines in a random polynucleotide. The results show over-all similarities with those reported for R 17 (Sinha, Fujimura & Kaesberg, r965; Thirion & Kaesberg, I968), MS2 (Fiers, Lepoutre & Vandendriessche, I965) and M I2 (Sinha, Enger & Kaesberg, I965; Thirion & Kaesberg, I968) RNA phages. A number of significant differences, however, also appear.
METHODS
Phage growth. RNA bacteriophage #2 (Dettori, Maccacaro & Piccinin, I96I) was assayed by the agar layer plaque technique (Adams, I959) using cahbrated loops (Shandon Ltd) for making the necessary dilutions of the phage (Takatsy, I95o). The host was Escherichia coli 58-I6I F + Fim o-+ for some experiments and E. coli D IO/T, a ribonuclease-deficient male strain resistant to phage T7, for others.
/z2 phage labelled with [32PO43-] (PBS. I, The Radiochemical Centre, Amersham, Buckinghamshire) and [5-3H] uridine (TRA 178, The Radiochemical Centre) was grown very efficiently under carefully controlled conditions in a 2 1. glass and stainless steel fermenter (Taylor Rustless Ltd, Leeds) similar to that described by Herbert, Phipps & Tempest (I965) . A very high aeration rate was used and the temperature and pH of the culture were recorded and automatically controlled.
A very useful feature of the apparatus was the carbon dioxide meter (Cambridge Instrument Co. Ltd) which measured the concentration of carbon dioxide in the air Purine nucleotides in izz viral RNA 405 leaving the fermenter. This is a sensitive and accurate measure of the state of the culture. Unlike conventional methods the carbon dioxide measurement requires no sampling of the culture; the reading is obtained immediately and is continuously recorded. The concentration of carbon dioxide in the output air is a measure of the total rate of metabolism of the culture. It is affected neither by the presence of bacteria which have ceased functioning nor by changes in the average shape of the growing bacteria. The concentration of carbon dioxide is thus a more satisfactory method of monitoring culture conditions than optical density measurements or microscopic observations.
For maximum yield of#2 phage it is important to infect the host culture of bacteria at the correct time (Sargeant & Yeo, I966; Isenberg, I963) . Cultures in the 2 I. fermenter had to be infected during log. phase at a cell concentration of 8 × Ioa/ml. for maximum yield. This gives a final phage concentration in the lysate of I to 2 x IO 13 p.f.u./ml.
In a typical growth, 1.5 1. of the growth medium containing 45 g. casein hydrolysate (Oxoid Ltd), 3o ml. glycerol (AnalaR, B.D.H. Ltd), 1.5 g. yeast extract (Oxoid Ltd) and i. 5 1. distilled water, was sterilized for 30 min. at 15 lb./in. 2 pressure in the fermenter; 2"5 g. MgSO~.7H20 and 4"5 g. KH~POa were added and the pH value adjusted to 7"4 with IO N-NaOH. One ml. of an overnight shake culture of the host bacteria was added and growth in the fermenter commenced, at 37 ° and pH 7"4. After a short lag the carbon dioxide concentration in the output air began to increase exponentially and continued to do so. When the carbon dioxide concentration reached 3"o ~o, Io 14 p.f.u, of/~2 phage were added, giving a multiplicity of infection of so. Ten min. after infection IO mc [32po4a-] (specific activity 5o c/mg.P) were added and 20 min. after infection I mc 5-[3H]uridine (specific activity 5 c/mM) was added. The culture was lysed some 3 hr after infection by the addition of 5 g. EDTA and I5 ml. chloroform and was harvested 3o min. later.
Phage purification and RNA preparation. All operations were performed at 4 ° unless otherwise stated. Care was taken to minimize the effect of any ribonucleases.
The lysate was centrifuged, for I hr at IO,OOO rev./min, in the 6 × 25o ml. rotor of the MSE '28' refrigerated centrifuge, to remove cell debris. The supernatant was brought to 3o ~ (w/v) ammonium sulphate (B.D.H. Ltd heavy metal free) and allowed to stand for at least 4 hr. The precipitate was recovered by further centrifugation for I hr at IO,OOO rev./min, as above, and washed several times in 3o~o ammonium sulphate + o.I M-KH~PO4 + I o mM-EDTA, pH 7. The final precipitate was redissolved in o.I M-KH2PO4+ IO mM-EDTA, pH 7, and centrifuged at 4o,ooo rev./min, for 3 hr ('4 o' rotor, Spinco Model L ultra-centrifuge). The pellets were redissolved in 55 ~o (w/v) CsCl+o.I M-KH2PO4+I mM-EDTA, pH7, and centrifuged to equilibrium 08 hr at 35,ooo rev./min, in the '40' rotor of the Spinco Model L ultra-centrifuge). The centrifuge was allowed to slow down without the brake and the virus was found in a blue band near the centre of each tube. These phage bands were collected by piercing the bottoms of the tubes and allowing the contents to drip out (Cooper & Zinder, 1962) . The phage bands were diluted with the 55 ~o (w/v) solution of CsCI in phosphate buffer as above and spun to equilibrium again. The new blue bands were dialysed extensively against o.I M-sodium acetate + I mM-EDTA, pH 5. Each growth yielded 200 mg. purified #2 phage containing 207 to I0 s counts/min, s2p and so s counts/rain. 3H.
The RNA was extracted from the phage by the phenol method (e.g. Strauss & Sinsheimer, I963) using Macaloid (Weissman et al. I964) as a ribonuclease adsorbent, followed by ethanol precipitation at -2o °. The ethanol precipitate was washed until all traces of phenol (determined spectrophotometrically) had disappeared and the final precipitate was redissolved in O.IM-Na~HPO4+I mM-EDTA, pH7"4, and dialysed overnight against this buffer; 8o ~ of the 32p and 3H in the phage was recovered in the RNA preparation. The ratio, a~p/aH, remained constant. The RNA at a concentration of 4 ° #g./ml. was centrifuged in a Beckman Spinco Model E analytical ultracentrifuge at 59,78o rev./min, in 0"05 M-KCl+o.oI M-tris, pH 7"6, at 20 ° (Fig. I) . Seventy per cent of the material sedimented in the leading edge with sedimentation coefficient 27 S. The remaining material, although of high molecular weight, was smaller than the intact viral RNA molecules in the leading edge.
Enzymic digestion. The RNA preparation was digested with pancreatic ribonuclease A (EC 2.7-7. I6) (Worthington Biochemical Corp.) at an enzyme/substrate ratio of of I/IS (w/w) at 37 ° for I8 hr in o.I M-NazHPO4+ I mM-EDTA, pH 7"4. The reaction was stopped by the addition of 2 vol. 7 M-urea and the digest was loaded immediately on to the DEAE-cellulose column. The DEAE-cellulose waswashed in acid and alkali and equilibrated with the initial buffer. A siliconized o'9 cm. x 5o cm. glass column (Schwartz & Zabin, I966) was packed with DEAE-cellulose under pressure as described in Whatman Technical Bulletin IE2. A flow rate of2o ml./hr was maintained with a Technicon proportionating pump. The column was equilibrated overnight by pumping the initial buffer through it. The digest of #2 viral RNA was loaded under pressure and then washed in with 2o ml. initial buffer. The column was eluted with a linear salt gradient from the initial buffer (O.iM-sodium acetate+o'oi M-tris+I mM-EDTA+7M-urea adjusted to pH7"9 with acetic acid) to the final buffer (r.oM-sodium acetate+o'oI M-tris+ I mM-EDTA+7 M-urea adjusted to pit 7"9 with acetic acid) (cf. Tomlinson & Tener, I962) .
DEAE-cellulose chromatography. DEAE-cellulose DE 22 was purchased from
The column effluent was passed through an ultraviolet transmission monitor (Uvicord, LKB Ltd), a conductolyser (LKB Ltd) and a flow radioactivity monitor (Nuclear Enterprises Ltd, Scotland). The monitor outputs were recorded on a three channel potentiometric recorder (Bristol Ltd). The effluent was then collected directly into polyethylene liquid scintillation vials using a time actuated fraction collector (Locarte Ltd, London) modified to carry these vials. The 3~p radioactivity in each fraction was measured directly by Cerenkov radiation in a Packard Series 3000 liquid scintillation counter (Matthews, I968 a, b) to give accurate measurements to complement the monitor records. 8H radioactivity in a fraction was measured by dissolving a o.I ml. sample in io ml. of a toluene blended liquid scintillation 'cocktail' (Matthews, 1968 a). The efficiency was 18 ~, quench corrections were made by external standardization, and the 32p appearing in the 3H channel was measured and corrected for in all 3H measurements. Background and 32p decay corrections have been made to all measurements.
Nucleotide composition measurements were made using Blattner & Erickson's 0967) procedure. Each sample was digested with o'3 N-KOH at 37 ° for I8 hr and desalted with cold perchloric acid. A I ml. sample of this digest was added-to o.I ml.2"5 Mammonium formate, pH 4"I, and o.I g. sucrose and loaded on to a o.8 x 9o cm. column of washed Dowex AG 5o W-X4, minus 4oo-mesh. The nucleotides were eluted with 0"25 M-ammonium formate, pH 4"I, at a flow rate of I ml./min. They were eluted in well-separated peaks in the order Up, Gp, Ap, Cp which were collected in polyethylene counting vials and the 32p was measured directly by Cerenkov radiation in the liquid scintillation counter.
RESULTS
The 32p radioactivity and u.v. extinction were eluted together in I I peaks (Table I ; Fig. 2 ). In the first three experiments the material in each peak was pooled and the s2p radioactivity and u.v. extinction of the pooled peaks were measured. In the latter four experiments the 8~p radioactivity in each peak was obtained by summing the Cerenkov counts in each fraction in the peak. The three methods gave comparable results (Table I) .
A small residue was usually eluted from the column with 2 M-sodium acetate. The amount was variable and did not have a very high 8~P/3H ratio (see below) but the possibility that this represented a long purine tract, although unlikely, could not be ruled out.
The mean total recovery of loaded material from the columns was 91 +4~ (9 measurements). The over-all specific s2p radioactivity and over-all specific SH radioactivity were unchanged by the chromatography. 14-+ I 8 7"4 7"7 --I"O___O"2 (IO) 4"I +0'6 9 --2" 9 --o,51 _+ 0"08 (4) I'9 4-0"3
The products of complete pancreatic ribonuclease digestion of RNA have the general formula: (purine nucleotide) ~-1 pyrimidine nucleotide (Klee, I966) . The chromatography was intended to separate the mixture of oligonucleotides obtained by pancreatic ribonuclease digestion of #z viral RNA into groups each containing oligonucleotides of a given chain length, n nucleotides (Tomlinson & Tener, I96z) . Such groups have been called isopliths (e.g. Fiefs et al. I965) . The fractionation depends on the increasing charge on the oligonucleotides as the chain length, and number of phosphate groups, increase. Elution with a linear salt gradient should thus give regularly spaced peaks (Fig. 3) . The anomalous position of the first peak is probably Isoplith no. Isoplith no. due to starting the gradient at o.I M-sodium acetate. Except for peak t the elution position was a linear function of the peak number, implying that the peaks I to r I represented isopliths of chain lengths n = x, 2, 3 ..... II nucleotides respectively (Fig. 3) . This was confirmed by measurements of the 3~P/ZH ratio of each isoplith. Since the viral RNA was labelled with [SH]uridine and [s~P] phosphate only the pyrimidine nucleotides were labelled with 3H, whereas all the nucleotides were labelled with 32p. This was confirmed by nucleotide composition analysis (Matthews, I968a). So, for each isoplith: 32p total nucleotides 3H --pyrimidine nucleotides = chain length, n nucleotides.
The 32P/SH ratio for each isoplith was plotted as a function of isoplith number (Fig. 4) -If the first peak, or isoplith, contains only pyrimidine nucleotides then peaks 2 to 9, inclusive, are unambiguously identified as isopliths with chain lengths n = 2, 3, 4 .... ,9 nucleotides, respectively. The first peak was shown to contain only pyrimidine nucleotides by analysis of nucleotide composition (Matthews, I968a).
These two lines of evidence, elution position and a2P/3H ratio, gave identical identifications for peaks I to 9 as isopliths with chain lengths n = I, 2, 3 .... , 9 nucleotides respectively. The 82P/all ratios for peaks Io and II were consistent with the identification, on the basis of elution position, as isopliths with chain lengths n = Io, I I nucleotides respectively. The identification on the basis of elution position is open to the objection that elution may have been affected by differences in nucleotide composition and/or secondary structure of these long oligonucleotides. The nucleotide compositions of these oligonucleotides were therefore determined ( Table 2 ). The nucleotide compositions are not at all like that of the whole viral RNA. Both oligonucleotides contained Cp* and no Up and the Gp/Ap ratios were 5/4 for peak IO and 4/6 for peak II. Although the differences in nucleotide composition are not very great, there may be differences in nucleotide sequence giving rise to differences in secondary structure. However, the Gp/Ap ratios are of the order I and the chromatography took place in 7 M-urea so that large secondary structure effects are highly improbable. Elution position is probably therefore, a reliable guide to chain length for peaks IO and I I. Moreover, the nucleotide composition measurements themselves were consistent with chain lengths IO and I I nucleotides respectively. All eleven peaks were thus identified as isopliths with chain lengths n = I, z, 3 ..... I I nucleotides eluted in that order. The above arguments depend on the specificity and completeness of the pancreatic ribonuclease digestion. Non-specific digestion would have been detected by the presence of purine nucleotides in peak I and incomplete digestion would have been detected as cyclic pyrimidine nucleotides preceding peak L Neither was detected showing that the digestion procedure was satisfactory.
A new and useful internal check on the specificity and completeness of the pancreatic ribonuclease digestion is provided by calculating the purine:pyrimidine ratio of the initial RNA from the isoplith column results. From the data of Table I it can be shown that there are approximately I676 purine residues and 1648 pyrimidine residues per 33z4 residues in #z viral RNA. The purine :pyrimidine ratio is thus I.O2 which agrees with a value of I.O3 determined by direct nucleotide composition measurements of the whole RNA (Table 2) (Matthews, 1968 a) . This confirms that the digestion was specific and complete. * Cp, Up, Gp and Ap are abbreviations for the 3' mononucleotides of cytidine, uridine, guanosine and adenosine respectively. The molecular weight of #2 viral RNA corresponds to a chain length of about 33oo nucleotides (Isenberg, I963) . If all the original viral RNA molecules are identical then the number of tracts per original viral RNA molecule appearing in each isoplith can be calculated. The results of such calculations are given in Table I . In one experiment the three parameters, u.v. extinction, 3~p radioactivity and 3H radioactivity, were measured for each isoplith. Table I shows that the number of tracts per original viral RNA molecule is the same for each method of measurement. This implies that the original viral RNA preparation was radiochemically pure and that the radioactivity was randomly distributed throughout the original molecule. 6 25 5"1 4"5-+0"9 4"5+0-2 7 12 3"6 2"5+0"8 2"9+0"2 8 6 2"5 I'5+o-6 1.0+0"2 9 3 1.8 0"8__+0"5 o.5i -+0.08 I0 I I" 3 0"3+0"4 0"29----.0"03 * From Table I .
The final column of Table I gives the distribution of purine nucleotides in ~2 viral RNA. It is of interest in the study of the evolution of the genetic code and in attempts to predict the properties of RNA molecules on theoretical grounds to know whether the distribution of purine nucleotides could reasonably have occurred by chance or whether some restriction has been imposed on some or all purine nucleotide sequences.
Analysis of a random nucleotide sequence leads to a most probable distribution of purine nucleotides and an estimate of how near this most probable distribution a finite nucleotide sequence should be (cf. Williams, Clegg & Mutch, 1961 ).
An exact treatment of this distribution is being undertaken (R. C. L. Jenkins & H. R. Matthews, work in progress). A good approximate calculation yields the results:
(I) Expected number c~ of purine sequences .... pyrimidine nucleotide (purine nucleotide) n-1 pyrimidine nucleotide .... = N~Mn-1/(M+N)n;
(2) Variance of c¢, ~, = ~ [1-(N2M~-I/(M+N)n+I)]; where M = 165o = number of purine nucleotides, N = I65 o = number of pyrimidine nucleotides. These results were obtained by supposing the M+ N nucleotides to be arranged in a purely random order which means that each of the (M + N/N) permutations is equally likely and then by considering the distribution of runs of purines. The formulae are given by David & Barton (1962) .
Comparison of the observed and calculated mole % of each isoplith in the pancreatic ribonuclease digest of ~2 viral RNA shows that each mole % agrees to well within the calculated standard deviation of the random distribution. However, although the magnitudes of the differences between the calculated and observed distributions are not significant there is a consistent alternation of sign (cf. Fiefs, I966) (Fig. 5) . Similar experimental data for the RNA phages R I7, MS2 and M 12 are treated in the same way and show the same alternation of sign. The standard deviation of the calculated distribution is approximately _+ I ~o for the points in Fig. 5 .
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DISCUSSION
This work relies upon intact viral RNA molecules as starting material. As seen in Fig. I the ~2 viral RNA preparations contained 30 ~o partly broken down RNA molecules, in common with RNA preparations from other RNA phages (e.g. Strauss & Sinsheimer, I963) . These observations have been confirmed by acrylamide gel electrophoresis and a possibly similar heterogeneity has been observed in caesium chloride equilibrium density gradient centrifugation of #2 phage (H. Isenberg & H. R. Matthews, unpublished work) . Rigorous precautions against dbonudease contamination were taken throughout this work and it seems that the RNA fragments may arise through 'mistakes' in the virus assembly during virus growth (Matthews, I968a).
The size of the RNA fragments is such that one or two breaks in an intact RNA molecule would produce them (Isenberg & Bell, unpublished experiments) . The most extreme possibility, namely that the breaks occur in specific places, is that the yields of a few oligonucleotides in a pancreatic ribonuclease digest of the RNA preparation would be not more than 3o ~ low. The absence of purine nucleotides in the RNA digest suggests that significant distortion of the results is not occurring.
Tile reproducibility of the fractionation experiment is high. This implies that the original viral RNA preparations are consistent in their compositions but does not,
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by itself, show that the molecules in the RNA preparation are largely identical. However, the consistent yields of the higher isopliths, eight, nine, ten and eleven, and particularly the yields of one molecule per original viral RNA molecule for both isoplith ten and isoplith eleven, strongly suggest that all the original viral RNA molecules have substantially the same nucleotide sequences. This is confirmed by further fractionation of the higher isopliths reported elsewhere (Matthews, I968a). In general, the RNA phages show remarkable similarities (Zinder, I965) . In particular, they all contain a single RNA molecule of molecular weight about i.~ × ro 6 daltons. The distribution of purine nucleotides in/z2 viral RNA has been investigated here. Figure 5 provides a very sensitive comparison of this distribution for the viral RNAs for which this distribution is known. In general, the similarities are striking. Each viral RNA shows the alternation of sign of the difference between the' calculated' and observed mole ~o for each isoplith, and the actual values are often very close together. This similarity may be due to a common ancestor, to some connection between the purine distribution and the common biological activities of these phages, or to some general feature of messenger RNA nucleotidesequences, as suggested by Fiers 0966).
The frequency of occurrence of the higher isopliths, however, is characteristic of the particular viral RNA. For example,/z2 has five octanucleotides, M 12 has five to six and RI7 has only three. M I2 and RI 7 have four nonanucleotides while/z2 has only three. R I7, M I2, ~2 and MS2 have o, I, I and 2 decanucleotides and #2 has no dodecanucleotide although M 12 and R 17 each have one. So the measured distributions demonstrate that the four RNA phages are different and provide a method for identifying them.
Isopliths ten and eleven were recovered in a yield corresponding to one oligonudeotide in each isoplith for each original RNA molecule. That is,/z2 viral RNA contains one and only one sequence of exactly nine purine nucleotides and one and only one of exactly ten purine nucleotides. The nucleotide compositions of these purine nucleotide sequences are given in Table 2 . These sequences are unique in/t2 viral RNA and are thus available for use as reference regions in further nucleotide sequence analysis of this RNA.
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